Criteria to define the biochemical remission of acromegaly following surgery have changed over the years, and the current use of stringent criteria needs a critical re-evaluation of the surgical results. On the other hand, few data are currently available concerning the possible impact of pituitary surgery on the quality of life of operated acromegalic patients. In this prospective study, we wished to evaluate the initial outcome and long-term recurrence rate in a large series of acromegalic patients operated on by transsphenoidal surgery (TSS), to carefully analyse predictive factors for surgical outcome and to point out possible additional effects of surgery in these patients. Ninety-two out of 98 operated patients could be considered for follow-up. Biochemical remission was strictly defined as plasma GH levels < 1 ng/ml during an oral glucose tolerance test (OGTT) and normalisation of age-related IGF-I levels. Hormonal assessment, including an OGTT, was performed 6 months following surgery and then annually to evaluate pituitary function. Fifty-five per cent of patients achieved a biochemical remission of acromegaly. The remission rate at 6 months was 80% for patients with microadenoma and 50% for macroadenoma. Univariate analysis showed that a large extrasellar extension, preoperative high GH levels and dural invasion were correlated with a poor outcome of surgery while, according to multivariate analysis, only invasion of cavernous sinus and preoperative GH levels > 10 ng/ml were independent negative predictors. Mortality was 0% and the overall complication rate was about 10%. Pituitary function worsened in five patients but improved in 16 out of 30 patients with preoperative pituitary defects. No recurrence was observed during a median follow-up of about 8 years. We conclude that TSS is able to achieve a biochemical remission in more than half of acromegalic patients, and that the current criteria for remission seem to indicate a cure in most cases.
Introduction
Acromegaly is a systemic disease caused by a pituitary growth hormone (GH)-producing tumour in more than 99% of cases (Melmed 1990) . It is associated with an increase in mortality and morbidity, especially due to cardiovascular complications (Rajasoorya et al. 1994 , Colao et al. 1997a . Transsphenoidal surgery (TSS) remains the first choice treatment for acromegaly (Melmed et al. 2002) . It is effective and safe (Ross & Wilson 1988 , Tindall et al. 1993 , Davis et al. 1993 , Van Lindert et al. 1997 , Abosch et al. 1998 , Freda et al. 1998 , Ahmed et al. 1999 , Laws et al. 2000 , Shimon et al. 2001 , even in elderly patients (Minniti et al. 2001a) , and it is able to reverse metabolic and cardiovascular complications related to the disease (Colao et al. 2001 , Minniti et al. 2001b , Jaffrain-Rea et al. 2002 . However, complete removal is not always possible and evolutive acromegaly may continue. Medical therapy with somatostatin analogues (Lamberts et al. 1992 , Freda 2002 or radiotherapy (Barrande et al. 2000 , Powell et al. 2000 are usually administered as post-operative adjuvant treatments for acromegaly. Surgical cure rates range from 40 to 80% in most surgical series, depending on the criteria used to define the biochemical remission of the disease (Ross & Wilson 1988 , Losa et al. 1989 , Tindall et al. 1993 , Van Lindert et al. 1997 , Abosch et al. 1998 , Freda et al. 1998 , Ahmed et al. 1999 , Laws et al. 2000 , Kreutzer et al. 2001 , Shimon et al. 2001 . Indeed, the concept of biochemical remission of the disease has changed noticeably over the past two decades, so that basal GH < 2.5 ng/ml or GH < 1 ng/ml during the oral glucose tolerance test (OGTT), and the normalisation of age-related insulin-like growth factor-I (IGF-I) are now widely accepted as modern criteria to define the biochemical remission of the disease (Giustina et al. 2000 , Melmed et al. 2002 . According to such stringent criteria, normalisation of GH hypersecretion after surgery is achieved in about 40-60% of patients in the few recently published series (Laws et al. 2000 , Kreutzer et al. 2001 , in contrast with older series reporting a surgical success, as defined by plasma GH levels < 5 ng/ml, in more than 75% of patients (Ross & Wilson 1988 , Tindall et al. 1993 , but similar to series considering a glucose-suppressed GH < 2 ng/ml (Falbusch et al. 1992 , Sheaves et al. 1996 , Van Lindert et al. 1997 , Freda et al. 1998 , Shimon et al. 2001 .
Although recurrence of acromegaly is commonly estimated to occur in 5-10% of successfully operated patients (Ross & Wilson 1988 , Buchfelder et al. 1991 , Valdemarsson et al. 1991 , Tindall et al. 1993 , Abosch et al. 1998 , Freda et al. 1998 ), a lower incidence has been reported in the most recent series (Laws et al. 2000 , Kreutzer et al. 2001 . It is clear that the use of different criteria to define the biochemical remission of acromegaly and the duration of follow-up may account for such differences, and that the use of stringent criteria may reduce the recurrence rate of disease. A re-evaluation of post-operative recurrence rate over a significant follow-up period is therefore mandatory.
We here present the results of a long-term prospective follow-up evaluation conducted in a large series of acromegalic patients who underwent TSS. The clinical outcome and tumour recurrence rate have been evaluated according to the more recent stringent criteria of cure, and both univariate and multivariate analyses have been used to determine the significance of patient and tumour characteristics as prognostic factors, i.e. predictive of post-operative disease persistence. In addition, because normalisation of GH/IGF-I hypersecretion is the main but not the sole objective to achieve 612 www.endocrinology.org when treating acromegaly, we wished to consider some objective parameters concerning the patients' quality of life during the immediate post-surgical period and long-term follow-up.
Patients and methods
In order to evaluate the long-term evolution of the disease, 98 consecutive patients with active acromegaly who underwent surgery between 1990 and 1997 in the Neurosurgical Department of 'La Sapienza' University in Rome were considered for this prospective study. Six patients with insufficient postoperative data were considered lost to follow-up, so that 92 patients (45 males and 47 females), aged 42.3 ± 14.2 years (means ± S.D.) were finally studied. Acromegaly was diagnosed on the basis of typical clinical features and elevated fasting plasma GH levels, not suppressible to less than 2 ng/ ml during an OGTT with 75 g glucose, and plasma IGF-I levels, adjusted for age, above the high normal limit. Tumours were classified into macroadenomas ( > 10 mm) or microadenomas ( < 10 mm) on the basis of magnetic resonance imaging (MRI). Adenomas were also classified by extension according to Wilson's criteria as follows: stage 0: intrasellar; stage A: suprasellar growth into the cistern; stage B: suprasellar extension, third ventricle recesses obliterated; stage C: suprasellar extension, third ventricle grossly displaced; stage D: intracranial/intradural extension; stage E: cavernous sinus/extradural extension (Wilson 1984) . Invasive features of the tumour were diagnosed on the basis of preoperative MRI completed by intra-operative findings. Although campimetric studies were not systematically performed in all patients, they were available for all those with a suprasellar extension adenoma. Twenty-six patients had received preoperative medical treatment with somatostatin analogues (octreotide 200-600 µg/24 h s.c.) for a period of 3-6 months; medical therapy was not randomised but decided case-by-case on the basis of either medical criteria (such as high GH/IGF-I levels, presence of a large tumour and/or cardiovascular complications at the time of diagnosis) or the patient's choice (i.e. delayed surgery). Hypopituitarism was diagnosed according to basal plasma hormone values as follows: low testosterone levels in men, secondary amenorrhea in premenopausal women or inadequately low gonadotrophins in postmenopausal women, low free thyroxine in the presence of low or inadequately normal thyrotrophin values, and low morning cortisol in the presence of low or inadequately normal adrenocorticotrophin levels. According to such criteria, 30 patients had evidence of hypogonadism at the time of the diagnosis, which was associated with central hypothyroidism and hypocortisolism in six and three cases respectively. Prolactin (PRL) levels were high ( > 20 ng/ml in men and > 25 ng/ml in women) in 34 patients. TSS surgery was performed by two experienced surgeons (V E and A S) and an immunohistochemical examination of the tumour was performed in all cases for GH and PRL detection. A complete basal hormonal assessment and OGTT were performed 6 months after surgery and then annually by the same medical staff. Biochemical cure was strictly defined by glucose-suppressed plasma GH levels < 1 ng/ml and normal age-corrected IGF-I values. Patients who did not meet both criteria were considered to have persistent active disease. Recurrence was defined as a secondary increase of IGF-I above normal age-related levels and/or a failure of GH to drop to < 1 ng/ml after OGTT during the yearly follow-up.
Hormone assays
Plasma GH concentrations were determined by an immunoradiometric assay (Biodata Diagnostic, Rome, Italy) with a detection limit of 0.1 ng/ml, and plasma IGF-I concentration by a radioimmunoassay after acid-ethanol extraction (Biochem Immunosystem, Freiburg, Germany). The following age-corrected IGF-I plasma levels were considered normal: р 440 ng/ml (20-30 years), р 360 ng/ml (31-40 years), р 310 ng/ml (41-50 years) and р 260 ng/ml ( > 50 years).
Statistical analysis
Data are expressed as means ± S.D., and statistical analysis was performed using the Statview 5.0 software (SAS Institute, USA). Univariate and multivariate analyses by logistic regression analysis were used to examine the outcome of surgery in relation to preoperative bioclinical parameters. Percentages were compared by the Chi-square test. P < 0.05 was considered statistically significant.
Results

Patient characteristics
Bioclinical and tumour characteristics of acromegalic patients are shown in Table 1 . Note that pretreatment GH, IGF-I and PRL levels were considered in patients who had received preoperative treatment with somatostatin analogues -at the time of surgery, normal GH and/or IGF-I levels were achieved in 18 and 15 out of the 26 patients who received preoperative medical therapy respectively.
Sixteen adenomas were microadenomas (17%) and 76 were macroadenomas (83%), visual field defects being present in only 12 cases. Among macroadenomas, most were intrasellar or extending up to the chiasmatic cistern (stages O/A), a large suprasellar extension being present in 22% of cases (stages B/C). Invasion of cavernous and/or sphenoid sinus could be recognised in 25% and 9% of the tumours respectively. Macroscopic evidence of dural invasion at the time of surgery occurred in 51% of cases. Immunohistochemical examination was positive for GH in all cases, and revealed mixed GH/PRL secretion in 29 cases (31%). Preoperative hyperprolactinaemia was present in 21 mixed adenomas.
Biochemical evaluation of GH/IGF-I secretion 6 months after TSS
Biochemical remission, as defined by mean GH levels < 1 ng/ml during an OGTT and normal IGF-I plasma levels, was achieved in 55% of patients (Table 2 ). In five cases (5.4%) discrepancies were observed between GH and IGF-I levels: three patients had normal IGF-I but GH levels > 1 ng/ml during an OGTT, whereas two had elevated IGF-I with normal glucose-suppressed GH levels. According to the above criteria, they were not considered to be in remission, but entered the post-operative follow-up study as 'borderline' acromegalic patients. The overall remission rate at 6 months was 80% and 50% for patients with micro-and macroadenomas respectively. Noteworthy, early post-operative GH levels < 2.5 ng/ml, obtained in 22 cured patients 3 days after surgery, were associated with a 91% chance of biochemical normalisation 6 months after TSS (P = 0.0001). In contrast, where a second surgical procedure was performed for the presence of a recurrent or residual tumor (n = 8), remission was achieved in only three patients (37%). 
Long-term evolution of GH/IGF-I secretion in patients with apparently successful surgery
All the 51 patients who achieved a biochemical remission of acromegaly at 6 months are still alive and could be followed-up yearly for a mean duration of 7.9 ± 2.8 years (range 4.4-12.8 years). In all cases, the measurement of IGF-I and glucose-suppressed GH levels continued to be concordant with the 6-month post-operative evaluation, so that no recurrence of disease was observed. Noteworthy, among the five 'borderline' patients cited hitherto who were followed-up without any further therapy, one recurrence was observed after 18 months among the three patients with normalised IGF-I but not glucosesuppressed GH levels, whereas in the two patients with only slightly elevated IGF-I levels, adequate glucose-suppressed GH levels ( < 1 ng/ml) persisted throughout the follow-up period (7 and 5 years after TSS respectively).
Analysis of prognostic factors influencing post-operative GH/IGF-I normalisation
Analysis of prognostic factors is summarised in Tables 3 and  4 . Results from statistical analysis performed 6 months after surgery are shown in Table 3 . Note that, because no recurrence was observed during long-term follow-up of patients who were considered in remission 6 months after surgery, this analysis refers to long-term follow-up as well. In addition, because preoperative medical treatment with somatostatin analogues was not randomised in this study, prognostic factors have been compared between treated and untreated patients ( indicating that no significant statistical bias has been introduced in the interpretation of this parameter.
Using univariate analysis, tumour size, GH levels and the presence of a dural invasion were the only significant differences between patients whose acromegaly was controlled by surgery and those whose acromegaly was not, whereas age, sex, preoperative medical therapy and IGF-I values were not. The presence of a microadenoma was a slight but significant predictor of good outcome (P = 0.03 versus macroadenoma), although no statistical difference could be found between microadenomas and medium-sized macroadenomas (stages O/A) (P = 0.1). On the contrary, the presence of a huge adenoma (stage B/C) and/or cavernous sinus invasion (stage E) were strong predictors of postoperative disease persistence. Similarly, the presence of intraoperative evidence of dural invasion was significantly associated with a poor surgical outcome. High preoperative GH levels were also found to negatively influence postoperative outcome: the remission rate was 76% for patients with preoperative GH levels < 10 ng/ml and decreased to 49% and 26% for those with preoperative GH levels > 10 ng/ml or > 50 ng/ml respectively. The presence of a mixed GH/PRL-secreting adenoma was only a borderline predictor (P = 0.08).
According to multivariate analysis, only invasion of the cavernous sinus and preoperative GH levels > 10 ng/ml were significant independent predictors of poor surgical outcome (P = 0.001 and P = 0.03 respectively).
Additional considerations: impact of TSS on the quality of life in acromegalic patients
No post-operative mortality or immediate major complications were observed; however, some minor complications did occur (Table 2) . Post-operative diabetes insipidus was observed in seven patients, requiring long-term medical therapy for definitive disease in two cases. In four patients, the presence of post-operative CSF leak required lumbar drainage (n = 2) or a new surgical procedure (n = 2), requiring prolonged hospitalisation without further mortality; in addition, meningitis occurred in one patient; this was promptly resolved with antibiotics.
The impact of TSS on pituitary function was variable. Out of the 30 patients with preoperative hypopituitarism, 16 experienced an improvement of pituitary function (53%), with a normalisation of gonadal and/or thyroid function in 16 and three patients respectively. Overall, long-term remission of acromegaly was associated with a normal pituitary function in 92% of patients (Table 5 ). In contrast, pituitary function worsened in five patients, two of them with a normal preoperative evaluation, requiring definitive post-operative hormone replacement with gonadal steroids (n = 5), thyroxine (n = 4) and cortisone acetate (n = 3). PRL normalised in 22 out of 34 patients with preoperative hyperprolactinaemia (65%), 12 of them with a mixed GH/PRL adenoma. Finally, visual field defects improved in seven out of 12 patients, with a complete normalisation in two cases, and were unchanged in the remaining patients.
Discussion
The first aim of this study was to re-evaluate the efficacy of TSS in acromegaly using current stringent criteria. Indeed, the definition of biochemical remission of acromegaly has changed noticeably over the past two decades. Throughout the 1980s, post-operative GH levels < 5 ng/ml were considered as criteria of biochemical remission of disease, allowing a surgical success in more than 75% of patients in some large series (Ross & Wilson 1988 , Tindall et al. 1993 , Abosch et al. 1998 . Based on epidemiologic evidence that mortality rates among treated acromegalic patients are higher than those of the normal population until GH and IGF-I levels are normalised (Bates et al. 1993 , Rajasoorya et al. 1994 , Swearingen et al. 1998 , Beauregard et al. 2003 , more stringent criteria to define the biochemical remission of acromegaly have been proposed in recent years. Using a mean GH < 2 ng/ml during OGTT and normal IGF-I levels, biochemical remission of acromegaly has been reported in 55-70% of patients (Falbusch et al. 1992 , Van Lindert et al. 1997 , Freda et al. 1998 , Shimon et al. 2001 . More recently, a GH < 1 ng/ml during an OGTT and normal IGF-I levels have been considered to be the leading criteria for the cure of acromegaly (Giustina et al. 2000 , Melmed et al. 2002 . Following such criteria, we achieved a normalisation of GH secretion in 55% of patients, similar to that recently reported in some series (Laws et al. 2000 , Kreutzer et al. 2001 . Even if the surgical remission of acromegaly is apparently lower than in previous series, it has a dramatic impact on diseaserelated mortality and morbidity (Beauregard et al. 2003) . Noteworthy, Lissett et al. (1998) reported a lower cure rate in a series of 73 patients who were operated on by a large number of neurosurgeons. This observation points out the importance of dedicated specialist pituitary surgeons to improve the success of TSS in acromegaly (Ahmed et al. 1999 ). An important finding of the present study was the absence of tumour recurrence after a mean follow-up of 8 years. Our results compare favourably with previous series reporting recurrence rates ranging from 0 up to 10% of successfully operated patients (Ross & Wilson 1988 , Buschfelder et al. 1991 , Valdemarsson et al. 1991 , Falbusch et al. 1992 , Tindall et al. 1993 , Van Lindert et al. 1997 , Abosch et al. 1998 , Freda et al. 1998 , Shimon et al. 2001 . Analysis of these series clearly indicates that such variations mainly depend on the criteria used to define surgical cure and on the duration of follow-up (see Table 6 ). However, where normalised IGF-I and glucose-suppressed GH < 2 ng/ml have been considered, recurrence rates were less than 5.5%. In fact, Losa et al. (1989) reported no recurrences and Kreutzer et al. (2001) reported only one recurrence among 42 patientsthough in the later series a subset of patients who met only one criterion of cure was considered to be in remission.
Overall, these data indicate that, even after a long follow-up, recurrence of acromegaly is extremely rare when stringent criteria of cure are used, so that successful TSS can be definitive for these patients.
Interestingly, discrepancies between the glucosesuppressed GH and IGF-I levels were present in about 5% of our patients, represented by not suppressible GH or elevated IGF-I levels in three and two cases respectively, with a Losa et al. (1989) 16 GH <1 ng/ml during OGTT and 42 0 normalised IGF-I Buchfelder et al. (1991) 61 GH < 2 ng/ml during OGTT 72 6.5 Valdemarsson et al. (1991) 28 GH < 3 ng/ml during OGTT 35 10 Tindall et al. (1993) 83 GH < 5 ng/ml 102* 11 Van Lindert et al. (1997) 33 GH < 2 ng/ml during OGTT and 34* 0 normalised IGF-I Abosch et al. (1998) 128 GH < 5 ng/ml 95 7 101 GH < 2 ng/ml during OGTT Freda et al. (1998) 70 GH < 2 ng/ml during OGTT and 64* 5.4 normalised IGF-I Ahmed et al. (1999) 93 GH < 2.5 ng/ml 60 7.4 Kreutzer et al. (2001) 42 GH < 1 ng/ml during OGTT and 37.7* 2.4 normalised IGF-l Shimon et al. (2001) 72 GH < 2 ng/ml during OGTT and 42 1.3 normalised IGF-I Present series (2003) 51 GH < 1 ng/ml during OGTT and 93* 0 normalised IGF-I *Mean instead of median follow-up was reported in these series. 616 www.endocrinology.org recurrence occurring in one patient from the first group. High discordant rates between these two criteria, exceeding 20%, have been reported recently (Espinosa-de-los-Monteros et al. 2002 , Kristof et al. 2002 . High IGF-I levels can be observed even in the presence of normal GH levels in patients with active disease (Dimaraky et al. 2002) , and IGF-I is considered by most authors to best correlate with disease activity (Arafah et al. 1987 , Melmed et al. 1995 . In contrast, other authors consider that GH suppression during OGTT is more reliable than IGF-I to exclude the presence of active acromegaly (Bates et al. 1995 , Stoffel-Wagner et al. 1997 , Peacey & Shalet 2001 , Kristof et al. 2002 . So far, it remains to be determined whether patients with normalised IGF-I or a glucose-suppressed GH < 1 ng/ml as the sole criteria of remission are at higher risk for recurrence of active disease, and the use of both parameters represents, at the moment, the most accurate criteria to define biochemical control of the disease. It should be noted, however, that GH/IGF-I discrepancies have been more frequently reported in the immediate post-operative period (Espinosa-de-los-Monteros et al. 2002 , Kristof et al. 2002 , so that a 6-month evaluation may be more reliable for the identification of 'borderline' patients.
In this study, we also wished to revise the prognostic significance of several factors on surgical outcome according to stringent criteria of remission. Statistical analysis showed that tumour size, GH levels and dural invasion were the most important predictors of poor outcome. By univariate analysis, high preoperative GH levels, the presence of a large extrasellar extension (stage B/C) and/or cavernous sinus invasion (stage E), as well as the presence of dural invasion at surgery were significantly associated with a poor surgical outcome, whereas low GH levels and the presence of a microadenoma were associated with a good surgical outcome. However, multivariate analysis showed that only GH values and invasion of the cavernous sinus were independent predictors of surgical failure. Such data largely support findings from previous studies (Ross & Wilson 1988 , Tindall et al. 1993 , Abosch et al. 1998 , Kreutzer et al. 2001 and indicate that such patients usually require a multidisciplinary and more aggressive approach to control GH hypersecretion. In agreement with previous series (Kristof et al. 1999 , Losa et al. 1999 but in contrast to others (Colao et al. 1997b , Abe & Ludescke 2001 preoperative medical treatment with somatostatin analogues was not significantly associated with a better surgical outcome in this series. Because we commonly propose preoperative medical treatment according to individual parameters -in the presence of cardiovascular complications in order to improve the patient's preoperative conditions (Colao et al. 1997b) , in the presence of more aggressive tumours hoping for some preoperative shrinkage (Bevan et al. 2002) , or just waiting for surgery according to the patient's choice -we have retrospectively made sure that no important statistical bias was introduced in the analysis of this parameter. However, treated patients represented less than 30% of the whole series, and all received daily injections of octreotide because of the study period patient's inclusion before 1997. Thus, no definitive conclusions can be drawn from these data, and the possible effects of the currently used long-acting somatostatin analogues should be further studied.
The third goal of this study was to better evaluate the impact of TSS on the quality of life of operated patients. Although TSS is commonly considered as a safe procedure in the hands of experienced surgeons (Lisset et al. 1998 , Ahmed et al. 1999 ), a minimal rate of surgical complications seems unavoidable. In agreement with previous large series (Abosch et al. 1998 , Freda et al. 1998 , Ahmed et al. 1999 , Laws et al. 2000 , Shimon et al. 2001 ) operative mortality was absent and, although no major complications occurred, minor complications were observed in 10% of patients, including CSF leak, diabetes insipidus and hypopituitarism. However, additional benefits from surgery were represented by an improvement of neurological symptoms and pituitary function. In this series, TSS was able to improve visual field defects in about 60% of patients and to restore a normal pituitary function in more than 50% of patients with some preoperative pituitary deficit, with a long-term stabilisation of pituitary function. This is of special importance since, despite the fact that it has been well described for non-secreting pituitary adenomas (Arafah et al. 1994 , Webb et al. 1999 , post-operative improvement in pituitary function has not been systematically considered for acromegaly. It is therefore worth noting that the chance of improving pituitary function exceeded the risk of its worsening, so that, overall, the large www.endocrinology.org 617 majority of patients with successful surgery had normal postoperative pituitary function.
In conclusion, this study and the revision of the recent literature indicate that TSS in experienced hands is able to induce a long-term remission of acromegaly according to current stringent criteria, with an extremely low risk of recurrence, and in association with a normal pituitary function in almost all successfully operated cases. The present data suggest that current criteria are able to disclose true surgical cure rather than surgical remission in most cases. Additional studies should determine whether current advances in microsurgical techniques, such as endoscopy-assisted microsurgery and neuronavigation, could further improve surgical success and decrease the rate of minor post-operative complications. On the other hand, the well-recognised impact of GH/IGF-I normalisation on disease-associated morbidity and mortality should further emphasise the need for post-surgical complementary treatment -based on medical treatment and/or radiotherapy -in all patients who do not meet the stringent criteria of remission.
